Abstract -Inductive coupling and matching networks are used to increase the bandwidth of filters realized with aluminum nitride contour-mode resonators. Filter bandwidth has been doubled using a wirebonded combination of a wafer-levelpackaged resonator chip and a high-Q integrated inductor chip. The three-pole filters have a center frequency near 500 MHz, an area of 9 mm x 9 mm, insertion loss of < 5 dB for a bandwidth of 0.4%, and a resonator unloaded Q of 1600.
I. INTRODUCTION
Miniature high-Q filters are essential for continued scaling of modern RF and wireless systems with stringent size, cost, and performance constraints [1] . One candidate technology is aluminum nitride (AlN) piezoelectric contour-mode resonators (CMRs), which offer miniaturization of high-Q filters, the ability to realize multiple frequencies and bandwidths on a single die, and compatibility with silicon electronics [2, 3] . However, the achievable bandwidth of these devices is limited by the lower piezoelectric coupling of the contour-mode d31 (kt
2~1
.6%) actuation compared to the commonly used d33 (kt
2~5
.7%) actuation of bulk acoustic wave (BAW) filters [4, 5] . The inability of this technology to achieve bandwidths >1% has limited opportunities for this technology to impact modern wireless systems, where both high-Q shape factors and broad (1%-5%) filter bandwidths are needed to meet requirements.
The desire to increase the bandwidth of microresonator filters has prompted investigations into alternate material systems such as lithium niobate [4, 6] and scandium-aluminum nitride alloys [7] . These materials offer promise, but compatibility and maturity compromises have motivated this investigation into passively broadening the bandwidth of existing AlN CMRs.
Passive electromagnetic devices such as inductors and capacitors can be used to tailor the coupling between resonators and achieve specific filter responses or bandwidths, and are commonly used for tuning filters based on acoustic resonators [8] . With sufficient precision and performance, integrated inductors may be used to broaden the bandwidth of filters based on series-coupled microresonators [9] . This paper describes an approach for broadening and tuning the bandwidth of AlN CMR-based filters using a separate integrated passive device (IPD) die to realize inductive impedance tuning and coupling networks, as drawn in Fig. 1 . In addition to allowing broader bandwidth than that attainable with resonators alone, this approach also allows independent optimization of the matching and tuning network technologies and designs. This removes the resonator fabrication time from iterations of the filter design, allows for improved passive device performance, and does not use resonator die area for integrated inductors.
II. INDUCTIVELY COUPLED FILTER DESIGN
CMRs may be described by the stacked crystal resonator model shown in Fig. 2(a) [5] . For the resonators used in this work, the typical circuit values are Cx/2 = 24 fF, 2Lx = 4.3 μH, 978-1-5090-0698-4/16/$31.00 ©2016 IEEE 2Rx = 8.5 Ω, and Cs = 6.1 pF, which correspond to Q = 1600 and kt 2 = 1%. The ratio of the series motional capacitance (Cx) to the electromagnetic shunt capacitance (Cs) is proportional to kt 2 and limits the bandwidth of a direct-coupled AlN CMR filter to ~0.3% [4, 5] . In addition, the wafer-level package (WLP) feedthrough introduces more capacitance and series resistance to the input and output of each resonator, with values of RFT = 0.3 Ω and CFT = 0.28 pF for the network shown in Fig. 2(b) .
To increase the achievable bandwidth, Cs and CFT may be cancelled with a shunt inductor (LSHUNT) at the input and output of each resonator. A series coupling inductor (LCOUPLE) between resonators further adjusts the coupling, resulting in the pi-coupling network shown in Fig. 2(c) . Matching the device to 50 Ω input and output impedance may be required and is achieved using an inductor network with series (LSERIES) and shunt (LIN) inductors, such as the one in Fig. 2 
(d).
Bandwidth broadening with shunt inductive coupling between two series resonators is shown in Fig. 3 . These curves were generated by cascading measured s-parameters from a resonator die with ideal inductor networks (Q = 20) in Keysight GENESYS design software [10] . Where required, matching inductors in the 2 nH to 100 nH range were used on the input and output of some devices but the values are not specified here. When the resonators are directly coupled without using shunt inductors, the filter has a 3-dB bandwidth of 1.1 MHz (0.2%) and an insertion loss of 3.5 dB. With shunt inductors of 50 nH, the bandwidth increases to 1.7 MHz (0.3%) with a similar insertion loss. With 30 nH shunt inductors, the bandwidth is 2.4 MHz (0.5%) and the insertion loss increases to 3.8 dB.
Further decreases in shunt inductance increase the bandwidth but degrade the filter shape. To maintain an acceptable filter shape at broader bandwidths, series coupling inductance is added, as shown in the example where 30 nH of coupling inductance broadens the bandwidth to 3.6 MHz (0.7%) and increases the insertion loss to 4.7 dB. The practical limit of this approach before excessive degradation of the filter shape and return loss appears to be approximately 1% for these resonators.
The minimum inductor Q that does not cause excessive degradation of the filter insertion loss was determined by simulating the filter circuit while varying the Q of all of the inductors together. An example of the influence of the inductor Q on the properties of the filter is shown in Fig. 4 for a simulation of an example filter using measured resonator data with simulated inductors of LSHUNT = 30 nH, LCOUPLE = 0 nH, LIN = 20 nH, and LSERIES = 7 nH. As the inductor Q reduces from 100 to 5, the minimum filter loss increases from 3.8 dB to 7.2 dB and the 3 dB bandwidth decreases from 2.63 MHz to 2.25 MHz. For this work, an inductor Q of 20 was targeted as a compromise between insertion loss and inductor size.
III. RESONATOR AND INDUCTOR TECHNOLOGY
Two different resonator die designs were used in this work. The first die design, shown in Fig. 5 , has resonators for independent three-pole and two-pole filters. The second die design, not shown, has the same layout for the three-pole filter, but replaces the two resonators with a single set of three on-die series-connected resonators, avoiding the feedthrough capacitance between resonators and creating the maximum bandwidth filter achievable without any additional coupling or matching, as reported previously [5] . Each resonator die is wafer-level-packaged by bonding a silicon lid to the die with a gold eutectic seal ring, and the signal feedthroughs pass underneath the seal on a lateral trace [11] . The connections to the inductor matching and coupling networks are made by wirebonding to the pads along the edge of the die.
An example of an inductor coupling and matching network that matches with the resonator die to realize a two-pole filter is shown in Fig. 6 . The inductors have inductances ranging from 5 nH to 115 nH and were fabricated on quartz substrates with 5 μm-thick electroplated gold coils and an evaporated 1 μm-thick Ti/Au underpass to make connection to the center of the spiral. The measured inductance and Q for inductors Two-pole and three-pole matching networks were designed using the microstrip trace and inductor models in Keysight GENESYS, with specific inductor designs and values verified using the 2.5D Sonnet EM simulator [12] .
IV. RESULTS
After fabrication, the resonator die and inductor networks were measured separately and the data cascaded in a circuit simulator to evaluate the performance of the combinations. Promising combinations were assembled by wirebonding and tested to demonstrate the two-pole and three-pole filters. Fig. 8 and Fig. 9 show the increase in bandwidth of three-pole filters when combined with inductive coupling and matching networks. Fig. 8 compares three-pole filters where the resonators are connected directly on the chip (BW = 1.2 MHz), by off-chip wirebonding of the pads (BW = 1.05 MHz), and with an inductive matching and coupling network with LSHUNT = 45 nH, LCOUPLE = 5 nH, LSERIES = 5 nH, and LIN = 80 nH (BW = 1.6 MHz). The filter frequencies differ due to a fabrication artifact, and the isolation of the off-die coupled filters is degraded by coupling to the imperfectly grounded seal ring. These results show the ~0.2% bandwidth for resonators when connected directly on die or connected through the feedthroughs, as well as the bandwidth increase to >0.3% with off-die inductive coupling. Fig. 9 shows an optical micrograph of an assembled filter network along with the bandwidth of three-pole filters coupled using matching networks with LSHUNT values of 60 nH, 50 nH, and 30 nH. As expected, the bandwidth increases from 
V. FUTURE WORK
Potential future work includes achieving bandwidths up to 1% by incorporating series coupling inductors into the matching networks, improving the isolation of the coupled filters by improving the internal grounding of the resonators, shrinking the filter area though flip-chip integration of the resonator die onto the inductor die, incorporating MEMS impedance tuning elements into the coupling and matching networks, and applying the approach to resonators fabricated in other material systems such as lithium niobate or scandiumaluminum nitride alloys. 
VI. CONCLUSION
High-Q inductors have been used to tune the response of microresonator filters and increase filter bandwidths beyond that attainable with resonators alone. Inductor integration doubled the bandwidth achievable in a three-pole filter from 0.2% to 0.4% while maintaining an insertion loss of <5 dB and return loss >10 dB. An inductor Q of 20 or greater is required to maintain the filter performance, requiring integrated passive inductors with thick metal and optimized areas. This approach can provide additional capability to microresonator-based filters and other circuits.
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M. H. Ballance and A. Schiess are acknowledged for measurement and assembly contributions. Fig. 8 . Measured insertion loss and return loss for three-pole filters with on-die direct coupling, off-die direct coupling, and inductive coupling using inductive pi coupling and matching networks.
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